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Abstract ing the power consumption in the fetch unit is particularly
important.

Power consumption has become an increasing concern in In the instruction cache, each cache line stores instructions
high performance microprocessor design in terms of packwith the static order generated by the compiler. At any given
aging and cooling cost. The fetch unit including instructionfetch cycle, at most one cache line (non-interleaved cache
cache contributes a large portion of the total power consumgstructure) is fetched. In traditional fetch mechanisms, in-
tion in the microprocessor. The instruction cache itself sufstructions after the first branch (single-block fetching) or the
fers some hidden power consumption due to dynamic cofitst taken branch (multi-block fetching) within a cache line
trol flows. Although capturing the dynamic control flows toare discarded. These mechanisms not only waste the fetch
boost performance, conventional trace caches (CTC) may ifpandwidth of the instruction cache, but also waste power in
crease power consumption in the fetch unit due to its simufetching the whole cache line. It may also increase the power
taneous access to both the trace cache and the instructié&®nsumption due to the increased access transactions to the
cache. By avoiding this simultaneous accesses, sequentiatruction cache and increased execution time. In our previ-
trace caches (STC) achieve lower power consumption, b@ts work [7], a detailed scenario was introduced to elaborate
suffer a significant performance loss at the meantime. In thigis hidden power consumption in the instruction cache. We
paper, we propose dynamic direction prediction based tractound that the main reason for this problem is that the dy-
cache (DPTC), which avoids simultaneous accesses to th@mic sequence of instructions at run time is quite different
trace cache and the instruction cache with the guide of fetcfiom the static sequence which is stored in the instruction
direction prediction. Experimental results show that dynami€ache.
prediction based trace cache can achieve 38.5% power re- Thus some new mechanisms that can utilize the dynamic
duction over conventional trace caches and an additionagharacteristics of instructions must be introduced to alleviate
7.2% reduction over STC, on average, while only trading dhis problem. We observe that the trace cache [4] might be a
1.8% performance loss compared to CTC. good candidate to improve the power efficiency in the fetch

unit due to the dynamic sequences stored in the trace cache.
. The microarchitecture of a conventional trace cache (CTC)
1. Introduction is given in Figure 1. In conventional trace cache mecha-

Approaching the upper bound of available performance
with the advances in technology has been the main goal in
high performance microprocessor designs. Fetch unit is be-
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width and number of function units continue to increase [1].
Providing a higher fetch bandwidth by applying new tech-
nologies such as branch address cache (BAC) [2], collapsing —
buffer (CB) [3] and trace cache [4] is the key to performance
advancement. At the meantime, power consumption has be-

come an increasing concern in high performance micropro-

cessor design in terms of packaging and cooling cost. Note

that power optimizations should only have small impact on
performance in this context. In [5], it indicates that the in- to Decoder

struction cache contributes a large portion of the total power

consumption in typical microprocessors. One recent work Figure 1. Microarchitecture of conventional trace
elaborates that a 32KB L1 instruction cache consumes 22% cache.

of the total power in a system with disk [6]. Thus optimiz-
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nism, the trace cache and L1 instruction cache (L1 I-Caché)e fetch unit. The key point of selective trace cache is that
are accessed simultaneously to reduce the miss penalty franhas precomputed (by compiler) information of the domi-
the trace cache. A hit in the trace cache aborts the transatant trace set, which captures the locality of trace accesses
tion in L1 I-Cache. Otherwise, it proceeds just as the tradif7]. This information is used to control the fetch unit only to
tional I-Cache fetch mechanism. Normally, the conventionaccess the trace cache or the instruction cache at any given
trace cache can deliver a moderate performance improveméetch stage. A significantly improved trace cache hit rate
over multi-block fetching I-Cache. Our results [8] show thatand reduced trace cache lookups (resulting in misses) help
some configurations of conventional trace cache do increaaehieve the high performance and low power consumption of
the power consumption in the fetch unit. The main reasoselective trace cache. This benefit comes at the cost of ISA
for this power increase is the concurrent access to both traoceodification and the additional profiling time.
cache and L1 I-Cache. We observe that the locality of trace cache accesses is only
In [9], a sequential trace cache (STC) is investigated faanother representative of the locality of the original code dur-
its impact on the fetch width. We observe that the sequentialg execution. This locality can be also effectively captured
scheme implies the potential to reduce the power consumpnd utilized by pure dynamic schemes. In this section, we
tion in the fetch unit. Our previous work [7] provides a morepropose our dynamic direction prediction based trace cache
detailed power/performance analysis of the sequential tra¢BPTC), which is powered by a dynamic fetch direction pre-
cache and includes a comparison with both the conventiondictor (FDP). FDP captures the history information and lo-
trace cache and instruction cache. It shows sequential tracelity of trace cache accesses. It predicts whether the next
caches can reduce the fetch power by 32% on average, litgce will hit the trace cache or not based on history informa-
suffer an average 12% performance loss while compared tmn collected at runtime. This prediction controls the fetch
conventional trace cache. Selective trace cache (SLTC) pronit to only access the trace cache or the instruction cache
posed in [7] has the superiority over conventional trace cachie the next fetch cycle. Working in this way, the concept of
and sequential trace cache in terms of a high performanselective fetch is purely implemented in hardware scheme.
close to CTC and a lower power consumption than STC. It
uses both compiler optimization and hardware support to s 1. Dynamic Fetch Direction Predictor
lectively control trace cache lookups and updates. On the
other hand, SLTC is profile based and needs an additional

training process as well as a modification in ISA (Instructio The dynamic fetch direction predictor is the key part of

The direction prediction based trace cache. An effective fetch

Set Architecture). irection predictor must satisfy the following two require-
In this paper, we propose a pure hardware scheme ents

implement selective fetch between the trace cache and in-
struction cache:dynamic direction prediction based trace
cache (DPTC)DPTC augments the function of existing BTB
(Branch Target Buffer) to incorporate a fetch direction pre-
dictor (FDP). At branch prediction, a fetch direction predic-
tion is carried out by the FDP. If FDP predicts that next trace
will hit the trace cache, only the trace cache will be accessed
in the next fetch cycle. Otherwise, only the instruction cache
is accessed. Any miss in the trace cache incurs one cycle
penalty and the next fetch will be directed to the instruction
cache. This predictor captures the locality of trace accesses

e Maintaining the capability of trace cache to supply ef-
fective instructions. If the constraints on the fetch unit,
put by the direction predictor, restrain the trace cache
from supplying instructions on the correct execution
path, the argument of using such a predictor will be
weakened. This capability is measured as the ratio of
committed instructions supplied by the trace cache. Itis
one of the main metrics for the effectiveness of the trace
caches.

and deliver very higher prediction accuracy. Our experimen-
tal results show that DPTC can reduce the fetch power in the
fetch unit by 38.5% over CTC and additional 7.2% over STC,
an average for all configurations and benchmarks, while sac-
rificing only 1.8% performance (instructions per cycle) loss
as compared to CTC.

The rest part of this paper is organized as follows. In Sec-
tion 2, we propose our dynamic direction prediction based
trace cache. The experimental model is detailed in Section
3. In Section 4, we present the experimental results. We dis-
cuss some related work in Section 5. Section 6 concludes our

High prediction accuracy. The prediction accuracy is
defined as the ratio between the actual number of trace
cache hits to the number of predicted trace cache hits.
Note that trace cache is only accessed when the trace is
predicted as hit in the previous fetch cycle. This require-
ment also guarantees a controlled performance penalty
due to trace cache misses. High prediction accuracy also
reduces the unnecessary accesses (miss the trace cache)
to the trace cache thus reducing the power consumption
in the fetch unit.

We incorporate our dynamic direction predictor using the
existing branch predictor to ensure that the prediction hap-
pens one cycle ahead of the next fetch cycle. The BTB
(Branch Target Buffer) of the branch predictor is extended
in the following two ways. First, both taken and not-taken
branches can update their BTB entries. This is in contrast to

Profile-based selective trace cache works very well ithe base configuration in which only a taken branch updates
terms of high performance and low power consumption ifits BTB entry in the commit stage. Second, the BTB entry is

work.

2. Dynamic Direction Prediction based Trace
Cache



expanded to have two additional saturating counters for dyhis time. We introduce a tiny branch buffer with four entries

namic direction predictor. The first countércht) is used to  to continuously keep the last four committed branches. This
predict whether the target address leads to a trace currentlybnffer structure is incorporated with the commit unit. The

the trace cache, the other orfectit) for predicting whether branch buffer, which is given in Figure 4, is maintained as
the fall-through address leads to a trace existing in the tragesimple circular queue with a 2-bit head pointer pointing to
cache. Both of them are two bit saturating counters. The nethie slot for the next branch to be committed.

structure of the extended BTB entry is given in Figure 2.

2 bits 2 bits Taken Branch Buf ﬁ New Trace
| Tag | | TargetAddress | t_cnt | f_cnt | Branchi A B | c|
Brachi+l | —— T
i Branchi+2
Figure 2. The structure of extended BTB entry (A .
Branchi+3

tagged BTB is used in this paper).

Figure 4. The structure of the branch buffer. It shows

The update of these two countetscat andf_cni) is per- the snapshot of the branch buffer content when a
formed according to the automaton given in Figure 3. The new trace with three branches finishes its building.
direction predictor is updated at the commit stage. Each
time when a new BTB entry is created, the states of these
two counters are set td1(00). Note that the target ad-  The branch buffer keeps the PC address of the last four
dress is updated only when the first taken occurs. Whenkranches committed as well as its outcomes. The outcome
new trace is updated to the trace cache, the correspondiftgken field) of each branch uses 1 bit. A value of “1” means
countert_entl f _ent in the BTB entry of the previous branch, the branch is taken, and “0” for non-taken outcome. Since a
whose target/fall-through instruction leads to the creation dface contains at most three branches (Note that the tag filed
this new trace, is set td3(11). Trace cache hit/miss infor- of trace keeps the number of branches in current trace), keep-
mation integrated with the branch update information is useithg the last four branches committed is sufficient to figure out
to update the counter state. Any trace cache hit will increag@e branch leading to the currently built trace. As the snap-
the counter upwards stai3, and trace cache miss will de- shot shown in Figure 4, the branch in slot 0 is the one leading
crease the counter downwards. If the counter is in state to current tracedBC. When the new trace is updated to the
A2(10) or A3(11), the predictor predicts that the next tracetrace cache, the fetch direction predictor is also updated using
will hit the trace cache and gives the prediction “access this branch address and its outcome.
the trace cache (TC)". Otherwise, a prediction of “access to
the instruction cache (IC)” is given. 2.2. Microarchitecture of DPTC

The microarchitecture of the dynamic direction prediction
based trace cache is given in Figure 5. It uses an additional
machine flag (direction flag) to control the access to the trace
cache or the instruction cache. This direction flag is set by
the outcome of the fetch direction predictor.

Since the fetch direction predictor does not keep informa-
tion about the branches within each trace, supporting par-
tial matching [10] helps reduce the one cycle performance
penalty due to a misprediction. Our previous work [7] shows
that partial matching has little impact on power consumption

Figure 3. State diagram of the finite-state Moore ma- in the fetch unit.
chine for fetch direction prediction and counter up- Dynamic direction predictor based trace cache works in
date. the following ways. Note that a branch predictor supporting

at most three predictions per cycle is used throughout this
paper. At a given fetch cycle, if the last effective branch (the
Since the trace hit/miss information is embedded intdirst predicted-taken branch, or the third not-taken branch, or

the branch update information, only a slight modification ighe branch instruction ending a cache line) in a fetched in-
needed to extract this information to update the fetch direstruction cache line or the branch instruction ending a fetched
tion predictor. On the other hand, when a new trace is writtettace is predicted taken (not taken), the countent (f_cnf)
into the trace cache, the branch leading to this trace has alithin its BTB entry is checked. If the counter is in states
ready been retired from the datapath. Although the trace filld2(10) or A3(11) (only the higher bit is checked), a predic-
unit keeps the latest branches (up to 3 branches) within thion of “access to the trace cache (TC)" is signaled (direction
current trace, the information (PC address and outcome) éig, shown in Figure 5 is set to 1), and only the trace cache
the branch (leading to the new built trace) is not available as accessed in the next fetch cycle. If the counter is at states



Memory Hierarchy | Configuration

— pc+d

[ tagetaddr Trace Cache 8-64KB, 2-way, 128B block, 1 cycle
L1 ICache 8-64KB, 2-way, 128B block, 1 cycle
L1 DCache 64KB, 4-way, 64B block, 1 cycle
L2 UCache 512KB, 4-way, 128B block, 6 cycles
Memory 30 cycles for first chunk, 4 cycles rest
TLB 4-way 64-entry ITLB, 4-way 128-entry DTLB

30 cycles to service a TLB miss

Table 1. Configuration of memory hierarchy.

[ Configuration | Meaning |
CTC-8k Seq3 (64KB L1 ICache) + 8KB conventional (conv.) trace cache

CTC-32K Seq3 (32KB L1 ICache) + 32KB conv. trace cache
CTC-64K Seq3 (8KB L1 ICache) + 64KB conv. trace cache

STC-8K Seq3 (64KB L1 ICache) + 8KB sequential (seq.) trace caché
. . . L . STC-32K Seq3 (32KB L1 ICache) + 32KB seq. trace cache
Figure 5. Microarchitecture of the dynamic direction STC64K Seq3 (8KB L1 ICache) + 64KB seq. frace cache
prediction based trace cache. DPTC-8K seq3 (64KB L1 ICache) + 8KB DPTC

DPTC-32K | seq3 (32KB L1 ICache) + 32KB DPTC
DPTC-64K | seq3 (8KB L1 ICache) + 64KB DPTC

. . . . Table 2. h fi ions.
A1(00) (the higher bit is “0"), or if there was a BTB miss, a able 2. Cache configurations

prediction of “access to the instruction cache (IC)" is given

(direction flag is set to 0), and only the instruction cache is 1gp, integer benchmarks from SPEC2000 CINT are se-
accessed in the next fetch cycle. , lected in this experiment using theieferenceinputs. Al

As the fetch direction predictor only adds 4 bits to eachhenchmarks excepizip2andmcfare first fast forwarded 300
BTB entry, and the direction prediction circuit is very sim-mjjjion instructions, then simulated 200 million instructions

ple (only one bit from each counter is checked), the powef, following experiments. No instruction is fast forwarded
consumption for direction prediction is expected to be very,

N e or bzip2andmcfdue to their specific characteristics [13].
small. Note that direction prediction happens at the same
time as branch prediction. Thus no additional BTB accesi .
is required for direction prediction. Due to the very infre-4. EXperimental Results
quent trace update (the rate of trace updates to BTB access is
around 2.9%), the power consumption of direction predictor Dynamic fetch direction predictor is the key partin DPTC.

update for a new trace is negligible. The performance and power efficiency of DPTC are directly
determined by the effectiveness of this predictor. The direc-
3. Experimental Model tion predictor’s effectiveness comes from two part: ratio of

committed instruction supplied by the trace cache and pre-
diction accuracy, as discussed in Section 3.1. The ratio is
We augmented Wattch [11], a power evaluation tool fodefined as the percentage of committed instructions from the
superscalar processors, to model the different trace cactrace cache to the total number of committed instructions.
schemes proposed in this work. The power model of tracehe direction predictor should not degrade this ratio. Predic-
caches implemented is similar to the one in Wattch for théon accuracy is defined as the ratio between the number of
instruction cache. The power consumption of trace cachegtual trace cache hits to the number of predicted hits which
consist of two part: power consumed for trace cache lookuig equal to the number of trace cache lookups in DPTC. Pre-
and power consumed for trace cache update. We dfefide  diction accuracy is also equal to the trace cache hit rate in
poweras the power consumed in both L1 instruction cach®pPTC.
and trace cache. The ratio of committed instructions supplied by the trace
The simulated processor has a datapath width of sixteayache shows the effectiveness of trace cache to supply in-
instructions, supporting out-of-order issuing. The instructiostructions on the correct paths. The results given in Table
window size is 256 and the load/store queue size is 128. Tigillustrate that the fetch direction predictor in DPTC does
configuration of the memory hierarchy is given in Table 1. not degrade the ability to supply effective instructions for
We use a modified gshare [12] predictor that is capable SPEC2000 CINT benchmarks.
making three branch predictions per cycle to support multi- The direction prediction accuracy is critical to the perfor-
block fetching and trace cache. It has a 16 bit long branamance and fetch power consumption in DPTC. A high pre-
history register. A 32-entry return address stack and a 4-waliction accuracy reduces the one cycle performance penalty
1024 set (total 4096 entries) branch target buffer are used tlue to trace cache misses. It also helps reduce the power con-
generate predicted target address. sumption by decreasing the number of trace cache lookups
Throughout this paper, we use following configurationgesulting in misses. The prediction accuracy for three con-
for fetch unit, which are listed in Table 2. figurations is given in Figure 6. Especially for benchmark



trace cache. Atthe same time, due to its high prediction accu-

| Conf./CommitRatio | CTC [ STC [ DPTC | racy and sequential nature, DPTC also achieves a significant
IC-64K.TC-8K 0.4511] 0.4419] 0.4531 power reduction in the fetch unit, which is shown in Figure 7
IC-32K.TC-32K 0.5497| 0.5282| 0.5429 (b), an average of 38.5%. It also reduces the fetch power by
IC-8K.TC-64K 0.5714] 0.5440| 05627 7.2%, on average, over the sequential trace caches.

The results presented in Figure 7 confirms that the hard-
ware prediction scheme for fetch control in DPTC competes
. . . the profile-based compiler scheme in selective trace cache [7
instructions  supplied by trace caches for .ten in teF;ms of high perfor?”nance and lower power consumptior[w.]
SPEC2000 CINT benchmarks at three configura- On the other hand, DPTC has several advantages over selec-
tions. tive trace cache such as low cost in implementation, applica-
tion independence, and platform compatibility.

Table 3. The average percentage of committed

| Conf./Hit Rate || CTC | STC | DPTC | 5. Related Work

IC-64K. TC-8K 0.3804| 0.3920| 0.7745

IC-32K.TC-32K || 0.4890| 0.4908| 0.9234 There has been a lot of previous research work on

IC-8K.TC-64K || 0.5045| 0.5162| 0.9535 improving the performance of conventional trace caches

_ [10][14][15]. Friendly et al. [10] proposed two techniques,

Table 4. The average trace cache hit rate for ten partial matching and inactive issue. Another two techniques,
SPEC2000 CINT benchmarks at three configura- branch promotion and trace packing were examined by Patel
tions. et al. [14]. The goal of these techniques is to increase the in-

struction fetch rate thus to improve the performance of trace
caches. Rotenberg et al. [15] presented a trace cache microar-
o o ) chitecture using trace-level sequencing and next trace predic-
bzip? its prediction accuracy is more than 99%. On avertion to deliver higher performance over multiple-block fetch
age, the prediction accuracy is 77.4% for DPTC-8K, 92.3%echanism. In contrast to their focuses on the performance
for DPTC-32K, and 95.3% for DPTC-64K. In contrast to thisimprovement of conventional trace caches, our work is to de-
high prediction accuracy (trace cache hit rate) in DPTC, cofye|op a new microarchitecture for trace caches that achieve a

ventional trace cache and sequential trace cache have a lowgjnificant reduction in fetch power while maintaining high
hit rate in the trace cache. The average hit rate comparison g&rformance.

these three trace caches at different configurations is given'in rosner et al. [16] propose their filtering techniques to re-

Table 4. duce the trace build thus to decrease power consumption and
increase overall performance. Our work exploits the selective
fetch in the fetch unit of DPTC to reduce the power consump-
tion in terms of fetch power. Reordering the code to improve
sequentiality as employed in software trace cache [17] is an-
a0% L L] | I other alternative to hardware trace caches. The software trace
cache combined with a hardware trace cache is often attrac-
60% — = In =1 = tive for performance. Profile based selective trace cache [7]
uses a profiling process to compute the trace dominant set
0% 7] N n In n Imt and selectively controls the access to trace cache or instruc-
tion cache and the trace build according to the dominant set.
Our current work differs from these two work in that 1) it is
o L | [N ] | LMW independent of compiler optimizations or code layout opti-
R I N R mizations, 2) it provides a pure hardware scheme to imple-

¥
&

° ¢ ¢ ) ment this selective fetch rather than profile-based software
schemes, 3) it avoids any impact on the current ISA architec-
Figure 6. Prediction accuracy of the dynamic direc- ture which makes it independent of the underlying platforms.
tion predictor at three configurations.
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6. Conclusions

Maintaining the effectiveness of supplying instructions
on the correct execution paths and a high prediction accu- Power consumption in high performance microprocessors
racy, dynamic direction prediction based trace cache (DPT@ becoming an important issue for the state-of-the-art de-
presents a very nice combination of high performance anglgns. Achieving a significant power reduction while main-
low power consumption in the fetch unit. From Figure 7taining the original high performance has become one of the
(a), a small performance degradation is observed, an averagain principles for designs in this context. This paper ex-
of 1.8% (for three configurations) compared to conventionglores the potential to reduce the power consumption in the
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(a) Performance comparison. (b) Power comparison.
Figure 7. Performance and power comparison among conventional trace cache (CTC), sequential trace cache
(STC), and dynamic direction prediction based trace cache (DPTC).

fetch unit with a high performance microprocessor infras-[s]
tructure, conventional trace cache. Sequential trace cache
trades a considerable performance loss for a significant fetch
power reduction. By selectively control the fetch unit to only [6]
access the trace cache or the instruction cache, profile based
selective trace cache has been shown its superiority in terms
of high performance close to conventional trace cache an 1
lower power consumption than sequential trace cache. In this
paper, we propose a dynamic direction prediction based trace
cache, in which the fetch direction predictor gives prediction[s]
whether next trace will hit the trace cache or not. This predic-
tion controls the fetch unit to direction the fetch address only
to the trace cache or the instruction cache. Dynamic directiort®]
prediction based trace cache is a pure hardware implementa-
tion. As the design of the fetch direction predictor achieve
a high prediction accuracy, our DPTC achieves similar effe
tiveness in terms of performance and low fetch power as to
the selective trace cache while avoiding any additional prqqy;
filing process, recompiling, and ISA modification that would
be needed in selective trace cache.
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